The current planning practice addresses safety implicitly as a byproduct of adding capacity and operational efficiency to the transportation system. Safety conscious planning is a new proactive approach to the prevention of crashes by establishing inherently safe transportation networks through integrating safety consideration into the transportation planning process. One of the major concerns in predicting crashes in transportation networks is the applicability and accuracy of crash prediction models.
INTRODUCTION
While traditional safety management identifies and remedies existing safety problems, preventing safety problems requires considering safety in the transportation planning and design phases. The prevailing planning practice addresses safety implicitly as a byproduct of adding capacity and operational efficiency to the transportation system. Safety impacts are sometimes assessed using crude methods supplemented with expert judgment.
To encourage more explicit consideration of safety in transportation planning, highway administration has been promoting safety conscious planning. Safety conscious planning is a proactive approach to the prevention of crashes by establishing inherently safe transportation networks. The objective is to integrate safety consideration into the transportation planning process at all levels starting with the Statewide Transportation Improvement Plans (STIP) and followed by consideration of safety objectives in longrange planning (FHWA, 2003) . Chatterjee et al. (2001) discussed the general issues of incorporating safety considerations into the planning process. They investigated common planning practices and concluded that the lack of data and suitable analysis tools led to inevitably relying on subjective assessment of the safety impacts. De Leur and Sayed (2002) proposed an approach to safety conscious planning that included safety-improvement strategies suitable in the planning stage and prediction tools for evaluating planning alternatives. They postulated that crash prediction models should include the risk exposure (traffic volume, mileage), the likelihood of involvement in a crash, and the crash severity. Dumbauch et al. (2004) , on the other hand, investigated institutional barriers in involving highway safety agencies in safety conscious planning. In the conclusions, they pointed out the known barriers, but they also identified opportunities, such as better coordination, entrepreneurial approach, and flexibility in administering grant funds.
Although safety consideration can be incorporated into planning in many ways, safety prediction must be present in all alternatives of a planning process. Crash prediction models are available for traffic analysis zones (TAZ) and for transportation infrastructure TRB 2006 Annual Meeting CD-ROM Paper revised from original submittal.
facilities (TIF). The TAZ crash models are suitable for long-term planning to evaluate the safety impacts of land use and economic growth (Tarko, et al., 1996; Hadayeghi, et al., 2003; de Geuvara, et al. 2004) . Although some of these models include transportation characteristics (network density, VMT, etc.), the aggregate representation of the transportation infrastructure does not easily allow modeling infrastructure-specific solutions. TIF crash models are a better option as they include the road and traffic characteristics of individual links and nodes. The TIF crash models have been the subject of research for many years. These models reflect the gradual progress in modeling techniques, including OLS, Poisson, and Negative Binomial count models, and logit and probit models .
The Indiana Department of Transportation (INDOT) assisted by Purdue research teams has been working on a Safety Management System for the last ten years. An advanced method of screening networks for roadway hazards, updated crash reduction factors, and crash predictive equations developed in the mentioned research have been developed and implemented through Guidelines for Highway Safety Improvements in Indiana (Tarko and Mayank, 2003) and a tool for a system-wide analysis of Indiana highways for targeted improvements (Lamptey, Labi, and Sinha, 2003) .
Development of a GIS-based method of predicting safety in transportation networks for long and short-term planning is underway in Indiana. As emphasized by , safety should be introduced in all steps of the planning process: starting with incorporating safety into the vision, goals, and objectives, through technical analysis, One of the major concerns in predicting crashes in transportation networks is the applicability and accuracy of crash prediction models for network links and nodes . Models developed in the past were frequently based on an insufficient number of observations or for regions other than the studied one. These models require calibration and validation, and this paper evaluates two methods of calibrating safety prediction models for user-defined set of network partitions. The paper presents a formulation of the calibration problems consistent with the maximum likelihood approach. The methods are tested and evaluated for the Indiana state road network. The BSPF includes traffic volume and sometimes link length while the AMFs incorporate the impact of known roadway and control characteristics. In many cases, the AMFs are adapted from research done for regions other than the studied one. The differences between regions and the changes in safety over a period of years call for calibration of SPFs. Planners may also want to reflect sub-regional and local differences in large networks. For example, different parts of the region may experience different weather conditions (e.g., northern and southern California) or topographical conditions (e.g., northern and southern Indiana). Also, some parts of the region may be more developed than the rest and their safety may somewhat differ, such as the metropolitan city of Indianapolis versus smaller urban communities in Indiana. In such cases, the planner may want to use calibration factors to consider these differences when predicting future safety in road networks. Harwood, et al. (2000) proposed a simple procedure of calibrating a valid SPF developed for a region other than the studied one. They propose a single calibration factor that was intended to remove an overall bias present in the original SPF. This procedure assumed that the functional form of the original model is correct and the model parameters associated with individual model variables reasonably reflect the relative safety impacts of these variables in the region to which the model is calibrated. Persaud, et al. (2003) checked the proposed procedure and found that in some cases the procedure worked satisfactorily, but in other cases, additional re-calibration of the parameters associated with the traffic volume was beneficial. For the purpose of this presentation, it is assumed that the re-calibration of the parameter associated with the volume is not needed.
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Paper revised from original submittal. Lord and Bonneson (2005) applied the calibration procedure proposed by Harwood at al. (2000) to interchange ramps. Instead of using a single calibration factor, they identified several cases of ramps and estimated a single separate calibration factor for each ramp case. In spite of the multiplicity of calibration factors, the authors could follow the approach proposed by Harwood, et al. because the identified calibration cases were separable and the factors could be estimated one by one, independently from each other.
This paper investigates a situation where calibration factors are allowed to depend on each other. This situation is expected to frequently occur in the calibration of SPFs for road networks as explained in the following part of the presentation. Two types of calibration are considered:
(1) Standard calibration where one calibration factor applies to each SPF,
User-defined calibration where standard calibration factors are supplemented with factors for sub-networks defined by the user.
In a general case, each link or node (element) of a road network has a corresponding set of calibration factors. In the standard calibration, only one calibration factor applies to each network element and it corresponds to the link or node type. In the user-defined calibration, additional calibration factors may apply if the network element belongs to sub-networks defined by the user. A resulting set of calibration coefficients CF j apply to crash predictions a o made with original SPFs:
The assignment of calibration factors to network elements is defined with a coincidence matrix with elements ij = 1 if the calibration factor applies to the network elements i and 0 otherwise. A calibration subset s is a set of network elements that have identical vector of coincidence elements ij . In other words, the same set of calibration parameters are used within subset s.
To better explain the concept, let us consider a simple network where all nodes are of one type (one SPF applies to all the nodes) and also all links are of one type (another single SPF applies to all the links). The standard calibration includes two calibration factors:
TRB 2006 Annual Meeting CD-ROM Paper revised from original submittal. Tarko   8 CF Node and CF Link . In addition, the user divides the region into two geographical areas (CF South , and CF North ) and focuses the calibration on a specific corridor (CF Corridor ) in the southern part of the network. Figure 2 shows the breakdown of the network and Table 1 assigns calibration factors to network elements through coincidence elements and identifies calibration subsets s. The following sections present alternative formulations and select the most promising one from the point of view of cumulative prediction bias and computational robustness.
The calibration is, in its entirety, a complex task and includes numerous issues such as omitted model variables, poor data, inadequate functional form of the model, predictive ability across time and space, over-fitting, etc. (Oh, et al., 2003) . Additional issues related to the implementation of a calibration procedure include: missing data, underreporting of crashes. errors in network representation, lack of needed Safety Performance Functions, lack of suitable tools for assigning crashes to links and nodes, etc. All of these issues have been reported by numerous authors and remain the subject of research aimed at finding remedies or at least mitigations. This paper focuses on advancing the analytical component of estimating calibration factors in road networks to improve the accuracy of predicting safety in corridor studies and other system-level long-term planning analyses.
ML METHOD FOR DISAGGREGATE CRASH COUNTS
In the example presented in Figure A maximum likelihood (ML) method is our initial choice. Following the current practice in modeling crashes, a Poisson model with random effects or Negative Binomial model, is proposed (Washington, et al., 2003, pp. 248-250) . The Negative Binomial distribution NB(c i , a i , s ) estimates the likelihood of crash count c i on link i or at node i when the expected value is a i . An over-dispersion parameter s represents unknown Gammadistributed random effects in the calibration group s to which the network element i belongs. The corresponding optimization problem includes log-likelihood for the entire transportation network. The formal optimization problem is: 
For evaluation purposes, the proposed calibration problem was solved for the Indiana To test the method for user-defined calibration, the Indianapolis area has been specified as a user-defined sub-network. The Indianapolis, Indiana area was selected as considerably different from the rest of that state. Recent studies of driver behavior at signalized intersections indicated that Indianapolis drivers were more aggressive than in other Indiana areas (Tarko and Perez-Cartagena, 2004 The breakdown of the Indiana state network between the calibration subsets by the number of links and basic link-specific data are presented in Table 3 
Standard deviation exceeding the maximum value set by the user, let us say 5 %,
indicates that the subset with such a large standard deviation of total crashes is too small.
A solution is to use more years of data or to abandon some of the network divisions. In our case, three calibration subsets seem to be rather small (marked in Table 3 with bold italicized font). One year of data does not allow for fine partitioning of the network. We keep these subsets as it does not defeat the purpose of this presentation. The issue of properly sizing the calibration subsets requires more research and it is outside of the scope of this paper. Tables 4 and 5 show the calibration results. The first thought is that the values of some of the calibration factors considerably differ from one.
Columns titled ML for Links in
The explanation may be in inaccurate estimation of the original SPRs based on limited samples. The limited size of the calibration subsets also contributes to this result.
As expected, the over-dispersion parameters estimated in the calibration (not shown)
were typically higher than the ones reported in the original publication of the SPFs. The random effects of crash frequencies unexplained with a SPF are stronger when the model is applied to roads outside of the sample used to estimate the model.
The calibration factors for interstate rural and urban links are consistently lower than for those which indicate that the original SPFs for fatal/injury and PDO crashes overstate the crash frequencies. One possible explanation is that the SPFs were developed for links that included interchanges as part of the links. The TransCAD crash counts for interstate links exclude crashes that happened in the 250-foot vicinity of an interchange. It is symptomatic that the overestimation of crashes on urban interstate links is much higher than on rural interstate links. Denser traffic in urban areas exhibits much more interaction between vehicles (and resulted crashes) in the direct vicinity of ramp exit and entrance points than in rural areas.
There is a tendency toward calibration factors higher than one for links other than interstate roads. This tendency may reflect the improvements in crash reporting achieved in the last several years. Indiana modified its crash reports and started using GIS aggregated measures of performance when evaluating and comparing alternative solutions. Although it is important that the safety performance functions properly predict crashes at the level of network elements but it is even more important that the prediction errors do not accumulate beyond an acceptable level when aggregating the predictions. It seems that the maximum likelihood method of calibration applied to individual links and nodes generates results that may be questioned by planners. To address this issue, another approach to SPF calibration based on aggregated crash counts is proposed in the following section of the paper.
LS METHOD FOR COUNTS AGGREGATED IN CALIBRATION SUBSETS
The ML method applied to individual links (in the general case, to network elements including nodes) has not produced the most desirable results. To directly address the need of accurate safety estimation at the sub-network level, the maximum likelihood method will be applied to the total number of crashes in user-defined calibration subsets. Let C s denote the total number of crashes recorded in calibration subset s. If we accept the Poisson assumption for these counts, the variance of the total crash count is also C s . The
Poisson distribution for variables with the mean sufficiently high can be approximated with the normal distribution with a standard deviation equal to s C . A relevant ML estimation problem for total crash counts in calibration subsets is: Although the optimization problem in Equation 8 can be solved in its original form, an equivalent optimization problem of minimizing the sum of squares weighted with 1/variance is preferred (Washington, et al., 2003, pp.128-132) for its computational convenience: 
where:
C s = total crash counts for subset s, and A 0s = total original crash prediction for subset s. The simple method (Eq. 10) was proposed for calibrating the SPF for two-lane rural roads and intersections in (Harwood et al., 2000) . All the calibration parameters can be calculated this way in the standard calibration case. Adding user-defined sub-networks 
CONCLUSIONS
This paper presented two methods of calibrating models predicting safety for the individual links and nodes of a transportation network. The calibration has been defined to address the specifics of network modeling in transportation planning. In both methods, a planner has the freedom to partition a road network in a way that addresses expected local and sub-regional safety differences. Furthermore, a planner may identify routes, corridors, and areas to focus calibration on these locations if the planning focuses on them.
The maximum likelihood method was first applied to individual network elements. The results, although plausible and possible to explain, indicate considerable differences between the recorded and predicted total number of crashes at the sub-system level. The proposed approach can be incorporated to the GIS-based planning suits such as
TransCAD that allow developing add-on tools for crash-network assignment, calculation of the crash frequencies, and estimation of the calibration factors with the method presented in this paper. These tools are being developed for Indiana and they can be easily modified to suit needs of other jurisdictions. The add-on tools will be used jointly with the Travel Demand Model for predicting future traffic and safety.
The presented calibration method is focused on TIF crash models developed for individual roadway facilities. These models typically involve neither socioeconomic variables nor area-wide infrastructure characteristics. TAZ crash models suitable to evaluate transportation policies should complement TIF crash models. The calibration approach proposed here are applicable to TAZ crash models and to other transportation modes such as public transit and commercial vehicles.
Time-related calibration of the safety prediction methods is partly addressed by calibrating the models to crash data more recent than the data used to develop the original models. Nevertheless, proper consideration of a time dimension in long-term predictions should include anticipation of the future temporary trends in safety. This consideration is out of the scope of this presentation but should be considered for future research. The author would like to thank Mike Inerowicz for importing crash data and assigning crashes to the Indiana network segments in the TransCAD, which was essential for the evaluation of the proposed method.
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